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Functional MRI studies have revealed changes in default-mode and salience networks
in neurodegenerative dementias, especially in Alzheimer’s disease (AD). The purpose
of this study was to analyze the whole brain cortex resting state networks (RSNs)
in patients with behavioral variant frontotemporal dementia (bvFTD) by using resting
state functional MRI (rfMRI). The group specific RSNs were identified by high model
order independent component analysis (ICA) and a dual regression technique was used
to detect between-group differences in the RSNs with p < 0.05 threshold corrected
for multiple comparisons. A y -concatenation method was used to correct for multiple
comparisons for multiple independent components, gray matter differences as well as
the voxel level. We found increased connectivity in several networks within patients with
bvFTD compared to the control group. The most prominent enhancement was seen in
the right frontotemporal area and insula. A significant increase in functional connectivity
was also detected in the left dorsal attention network (DAN), in anterior paracingulate—a
default mode sub-network as well as in the anterior parts of the frontal pole. Notably
the increased patterns of connectivity were seen in areas around atrophic regions. The
present results demonstrate abnormal increased connectivity in several important brain
networks including the DAN and default-mode network (DMN) in patients with bvFTD.
These changes may be associated with decline in executive functions and attention as
well as apathy, which are the major cognitive and neuropsychiatric defects in patients with
frontotemporal dementia.
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INTRODUCTION
Frontotemporal lobar degeneration (FTLD) is a clinically and
pathologically heterogeneous syndrome characterized by a pro-
gressive decline in behavior and/or language associated with
degeneration of the frontal and anterior temporal lobes (Neary
et al., 2005). FTLD is the second most frequent neurodegener-
ative disease leading to early onset dementia after Alzheimer’s
disease (AD). The most common clinical presentation of FTLD
is behavioral-variant frontotemporal dementia (bvFTD). The
prominent symptoms in bvFTD are a gradual decline in social
behavior with loss of insight and decline in executive functions
instead of typical memory problems.

Resting state functional MRI (rfMRI) can be used to study the
intrinsic connectivity of brain networks in task-free settings by
mapping temporally synchronous, spatially distributed, sponta-
neous low frequency (<0.08 Hz) blood oxygen level-dependent

(BOLD) signal fluctuations (Fox and Raichle, 2007). rfMRI
reports have revealed a number of functional networks in the
brain, but mainly two major intrinsic connectivity networks, the
default-mode network (DMN) and salience, have been studied in
neurodegenerative diseases. The DMN is a posterior network that
consists of the hippocampi, posterior cingulate cortex/precuneus,
lateral parietal regions, and the rostromedial prefrontal cortex
(Raichle et al., 2001). Regions of the DMN seem to participate in
episodic memory and visuospatial imagery (Zhou et al., 2010).
The salience network is a large anterior network that consists
of the anterior cingulate cortex (ACC), orbital frontoinsula (FI),
amygdala, and striatum and is related to socially-emotionally rel-
evant information processing (Seeley et al., 2007a,b). Decreased
connectivity in the DMN is consistently associated with AD
(Greicius et al., 2004; Zhang et al., 2009; Gili et al., 2011),
while reduction of connectivity in the salience network has been
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usually found in patients with bvFTD. However, the findings
in patients with bvFTD are controversial (Zhou et al., 2010;
Whitwell et al., 2011; Borroni et al., 2012). Disruption in other
functional networks such as the dorsal attention network (DAN)
has been found in AD (Li et al., 2012).

Previous rfMRI analyses have been done using relatively low
model order (<30) independent component analysis (ICA) esti-
mated from a single subject or group analyses (Zhou et al., 2010;
Whitwell et al., 2011; Borroni et al., 2012). Detecting multiple
networks from 1.5 T BOLD data from a single subject is not
optimal in all occasions. Instead, group ICA offers much more
robust delineation of identifiable networks (Kiviniemi et al., 2009;
Smith et al., 2009; Abou-Elseoud et al., 2010). Also, the use of a
higher model order in ICA detects more networks under detected
at low model orders and introduces sub-network delineation of
resting state networks (RSNs) at more detailed level separating
noise more appropriately (Abou Elseoud et al., 2011, 2012). The
problem with the more robust group ICA networks is still the
challenge of acquiring accurate representations of networks from
the individual level for a statistical group analysis.

The dual regression method has been introduced in order to
overcome statistical inference problems (Filippini et al., 2009).
Zuo and co-workers found that not only is the temporal con-
catenated ICA dual regression approach reliable, it produces more
robust results than template matching ICA performed on an indi-
vidual level (Zuo et al., 2010). This variability at the individual
level seems to arise from the non-stationarity of the networks
themselves, rather than the ICA method instability (Zuo et al.,
2010; Kiviniemi et al., 2011; Hutchison et al., 2013). Moreover,
group-level averaging seems to increase matching accuracy to
RSN templates as well.

In order to obtain robust whole brain cortex network status
with all relevant functional RSNs one still has to account for the
multiple comparison problem introduced by the usage of sev-
eral ICs. We have recently developed a y-concatenation method
for correcting for multiple comparisons for multiple IC compo-
nents as well as at the voxel level (Abou Elseoud et al., 2012).
This correction enables the detection of statistically significant
alterations between groups in all analysed RSNs of the brain
cortex.

In bvFTD executive dysfunction is the prominent neuropsy-
chological finding, and neurodegeneration is seen in frontal,
temporal and insular areas including parts of the salience net-
work (Neary et al., 1998, 2005; Rosen et al., 2002; Seeley et al.,
2007a,b; Whitwell et al., 2009). Thus, we hypothesized to find
decreased connectivity in the salience network associated with
changes in executive networks. Our aim was to obtain a robust,
fully data driven measure of the functional connectivity changes
of all RSNs covering the whole brain. For this we performed
time concatenated temporal ICA with a dual regression approach
with y-concatenation statistics of bvFTD data compared to
controls.

MATERIALS AND METHODS
PATIENTS
The patient group included 19 cases with bvFTD (nine male).
A clinical diagnosis of bvFTD was made according to the

criteria of Lund and Manchester (Neary et al., 1998; Rascovsky
et al., 2011). Patients presenting other types of FTLD phe-
notype such as progressive aphasia and semantic dementia
were excluded. All patients were examined in Oulu University
Hospital at the Memory outpatient clinic of the Department
of Neurology. The mean age at examination was 60.3 years
(range 47–77 years). MMSE (Mini-Mental State Examination)
score was on average 24.1 (17–30). Neuropsychological exam-
ination was performed within 6 months of the fMRI scan of
each patient. Impairments in memory, language, executive, and
visuospatial functions were then rated in three stages (absent,
mild to moderate, severe). The declines in attention and exec-
utive functions were the most prominent findings in all of the
patients, but there was also significant deterioration in other
cognitive domains. Patients’ reading and writing skills were nor-
mal. Dyspraxia was not present, and motor speed and con-
trol were at a normal level. Apathy was the most prevalent
neuropsychiatric symptom (74%), but depression and irritabil-
ity was also common (50%). The severity of the disease was
rated as mild in nine patients, moderate in nine patients and
severe in one patient (Piguet et al., 2011). Medications for
neuropsychiatric symptoms were used in some of the patients
(acetylcholinesterase inhibitors in three patients, memantine
in two, neuroleptics in eight and valproate in three). Positive
family history for any type of dementia was seen in 52.6%
(n = 10) of patients. DNA samples were available from ten
patients and five of them carried a C9ORF72 repeat expansion
(Renton et al., 2011). Mutations in progranulin or microtubule-
associated protein tau genes were not found in any of the
patients.

Age and gender-matched controls (n = 19) were also exam-
ined. Mean age at examination was 57.8 years (range 50–70). No
psychiatric or neurological disorders or medications affecting the
central nervous system were allowed. Beck’s depression inventory
(BDI) score was mean 2.7 (range 0–10) and MMSE mean was 28.9
(range 26–30).

Written informed consent was obtained from all of the patients
or their guardians. The research protocol was approved by
the Ethics Committee of the Northern Ostrobothnia Hospital
District.

IMAGING PROTOCOL
Resting-state BOLD data were collected on a GE Signa 1.5 T MRI
scanner with an 8-channel parallel imaging-coil ASSET system
(acceleration factor × 2) with an EPI GRE sequence (TR 1800 ms,
TE 40 ms, 285 time points, 28 oblique axial slices, slice thick-
ness 4 mm, inter-slice space 0.4 mm, covering the whole brain
with an FOV of 25.6 cm × 25.6 cm with 64 × 64 matrix, and
a flip angle of 90◦). Hearing was protected using ear plugs and
motion was minimized by using soft pads fitted over the ears.
The subjects were instructed to simply lay still inside the scan-
ner with their eyes closed, think of nothing in particular and not
to fall asleep. High-resolution T1-weighted 3D FSPGR BRAVO
images were taken in order to obtain anatomical images for
co-registration of the fMRI data to the standard space coordi-
nates and to investigate voxel-wise changes in the gray matter
volume.
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STRUCTURAL ANALYSIS
Structural data were analysed with FSL-VBM
(www.fmrib.ox.ac.uk/fsl), a voxel-based morphometry style
analysis (Ashburner and Friston, 2000; Good et al., 2001).
Firstly, structural images were brain-extracted using BET (Smith,
2002). Next, tissue-type segmentation was carried out using
FAST4 (Zhang et al., 2001). The resulting gray matter partial
volume images were aligned to MNI152 standard space using
nonlinear registration FNIRT in FSL (www.fmrib.ox.ac.uk/
analysis/techrep), which uses a b-spline representation of the reg-
istration warp field (Rueckert et al., 1999). The resulting images
were averaged to create a study-specific template, to which the
native gray matter images were then non-linearly re-registered.
The registered partial volume images were then modulated to
correct for local expansion or contraction by dividing by the
Jacobian of the warp field. The modulated segmented images
were then smoothed with an isotropic Gaussian kernel with
a sigma of 3 mm. Finally, voxelwise GLM was applied using
FSL’s randomize, which is a permutation-based non-parametric
testing, correcting for multiple comparisons across space with
p < 0.05 threshold.

fMRI DATA PRE-PROCESSING
Data pre-processing was carried out with FSL tools. Head motion
in the fMRI data was corrected using multi-resolution rigid body
co-registration of volumes, as implemented in the MCFLIRT soft-
ware (Jenkinson et al., 2002). Brain extraction was carried out
for motion corrected BOLD volumes with optimization of the
deforming smooth surface model, as implemented in the BET
software (Smith, 2002). This procedure was verified with visual
inspection of the extraction result. The resulting image data was
used as a mask for a secondary brain extraction. Multi-resolution
affine co-registration as implemented in the FLIRT software was
used to co-register fMRI volumes to 3D FSPGR volumes of the
corresponding subjects and further the 3D FSPGR volumes to
the MNI152 standard space. The images were transformed to
4 mm cubic voxels with 5 mm FWHM smoothing. There were
no differences in head motion parameters in absolute [FTD
(0.30 ± 0.12 mm) vs. control (0.26 ± 0.13 mm, t-test p = 0.36)]
or relative [FTD (0.07 ± 0.03 mm) vs. controls (0.06 ± 0.03 mm,
t-test p = 0.34)] between the study groups. Maximum absolute
(2.9 mm) and relative (3.1 mm) head motion were below the voxel
size in all subjects.

FUNCTIONAL CONNECTIVITY ANALYSIS
ICA analysis has been conducted as previously described (Abou
Elseoud et al., 2011). Briefly, ICA analysis was carried out
using FSL 4.1.4 MELODIC software implementing probabilis-
tic independent component analysis (PICA) (Beckmann and
Smith, 2004). A multisession temporal concatenation tool in
MELODIC was used to perform PICA related pre-processing
and data conditioning in the group analysis setting. Spatial ICA
using 70 independent component maps (IC maps) was applied
to detect RSNs from the control group. Control group data
was chosen for two reasons: Firstly, our experience is that a
combined groupICA having both cases and controls produces
averaged maps of both groups which are then less sensitive

in detecting differences between the groups in dual regression.
Secondly, control data groupICA results are more robust match
with previous healthy control data groupICA templates without
disease-related alterations (Kiviniemi et al., 2009; Smith et al.,
2009). Variance normalization was used. The IC maps were
thresholded using an alternative hypothesis test based on fit-
ting a Gaussian/gamma mixture model to the distribution of
voxel intensities within spatial maps and controlling the local
false-discovery rate at P < 0.5 (Beckmann and Smith, 2004;
Beckmann et al., 2005). Thirty-six RSNs were identified as
anatomically and functionally classical RSNs upon visual inspec-
tion by an experienced neuroradiologist (VK) using previously
described criteria (Kiviniemi et al., 2009; Smith et al., 2009;
Abou-Elseoud et al., 2010). The 36 RSNs are presented in
Figure 1.

The analysis for the differences between groups was car-
ried out using an FSL dual regression technique that allows for
voxel-wise comparisons of resting-state fMRI (Filippini et al.,
2009; Littow et al., 2010; Veer et al., 2010; Abou Elseoud et al.,
2011). This involves (A) using the group-ICA spatial maps in
a linear model fit against the separate fMRI data sets, result-
ing in matrices (time-course matrices) describing the temporal
dynamics for each component and subject, and (B) using these
time-course matrices to estimate subject-specific spatial maps.
The ICA template for the dual regression was selected from
the healthy control data. The dual regression analysis was per-
formed both with and without variance normalization (FSL414
dual_regression command with des norm-option 1 or 0, respec-
tively), since the results have a different emphasis on the spatial
or amplitude of the BOLD signal depending on normalization
(Allen et al., 2012a,b). With variance normalization, the dual
regression reflects differences in both activity and spatial spread
of the RSN. Without normalization, only spatial alterations are
reflected in principle.

As a statistical analysis the different component maps are col-
lected across subjects into single 4D files (1 per original ICA
map) and tested voxel-wise for statistically significant differences
between the groups using FSL randomize nonparametric per-
mutation testing, with 5000 permutations, using a threshold-free
cluster enhanced (TFCE) technique to control for multiple com-
parisons (Nichols and Holmes, 2002). The hypothesized differ-
ences between groups were calculated using a p < 0.05 threshold
with voxel-wise changes in the FSL randomize tool. A newly
developed inter-IC concatenation technique was used in order to
control for multiple comparisons across the detected IC differ-
ences (Abou Elseoud et al., 2012). After discarding noise, motion
and other artifact components, all the 36 RSN ICs were con-
catenated in the y-direction and fed to the FSL randomize tool
as a joint dataset. After 5000 permutations the resulting datasets
were separated with fslroi and thresholded for p < 0.05 correct-
ing for type I error for the selected multiple ICs. As a new step,
a gray matter regressor image was also fed in a similar fashion
such that it was concatenated in the y-direction to control for
gray matter differences with FSL randomize using—vxl and—vxf
options.

The Juelich histological atlas incorporated in FSL and the
Harvard-Oxford cortical and subcortical atlases (Harvard Center
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FIGURE 1 | Resting-state networks from the control group identified as anatomically and functionally classical RNSs and which were used for the

dual regression analysis. The normal resting-state networks are shown in FSL red-yellow color encoding using a 3 < z-score < 9 threshold.
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for Morphometric Analysis) which are provided with the FSL4
software were used to identify the anatomical characteristics of
the resulting PICA maps. The FSL4 fslstats and fslmaths tools
were used to calculate the number of non-zero voxels in the
selected difference maps, and their t-score values.

RESULTS
The differences between patients with bvFTD and healthy
controls were markedly smaller in the dual regression without
variance normalization than with normalization. Thus, the dif-
ferences between groups in the network shape seemed to be
relatively limited when gray matter differences were adjusted.
The variance normalized and non-normalized dual regression
results suggest that the functional connectivity of the base-
line RSNs is altered rather than the shape of the network in
patients with bvFTD when compared with healthy controls.
Based on this we further performed y-concatenation correc-
tion for multiple ICA components with the variance normal-
ized (des norm = 1) results. We corrected for both multiple
ICs and gray matter volume simultaneously. After this analy-
sis, the number of ICs with significant differences reduced from
fifteen detected after only voxel-level correction to six (Table 1,
Figure 2).

Using this protocol, increased connectivity was found in sev-
eral networks within patients with bvFTD compared to the con-
trol group. The most prominent enhancement was seen in the
right frontotemporal area and insula (IC 25). Increased connec-
tivity was also detected in the left DAN (IC 55), in the DMN
(anterior paracingulate gyrus; IC 17) and in anterior parts of
the frontal pole (IC 12). Minor changes were also seen in the
visual network in the occipital region (IC 3) and in the premotor-
postsensory network (IC 33).

The bvFTD group was divided into two separate groups
according to the degree of severity of the disease, mild (n = 9) and
moderate/severe (n = 10). There were no significant differences
between mild and moderate to severe subgroups in functional
connectivity.

In structural analysis, widespread gray matter atrophy was
detected (Table 2, Figure 3). Atrophy was most prominent in the
right temporal lobe in addition to the precuneus cortex and pos-
terior cingulate gyrus. Mild atrophy was also detected in both
hippocampi. After the adjustment for gray matter differences,
the increased connectivity was predominantly placed around the
atrophic area (Figure 3).

DISCUSSION
This is the first report of RSNs of the whole brain cortex
in patients with bvFTD using a new correction method that
allows the assessment of several brain networks. Connectivity
changes as well as changes in the shape of the brain networks
were analysed. The most extensive increase in connectivity was
detected in the frontal poles bilaterally, in the right insular cor-
tex and the ACC in several networks (IC 12, IC 17, IC 25).
This area is associated with the human mirror neuron system
and the von Economo cells, which are thought to be crucial in
social cognition (Seeley et al., 2006, 2007a,b). These cells are
destroyed in patients with bvFTD and atrophy in this area is

associated with a decline in behavior and loss of empathy and
insight in bvFTD. In a recent study, prefrontal hyperconnec-
tivity has been associated with apathy in patients with bvFTD
(Farb et al., 2012). Apathy was the most prevalent neuropsy-
chiatric symptom in the present study and may be associated
with hyperconnectivity in the prefrontal areas, which confirms
the previous findings. Farb and colleagues also detected that pre-
frontal hyperconnectivity was associated with dementia severity,
but this phenomenon was not seen in our patients (Farb et al.,
2012).

Impairment in executive functions and attention are promi-
nent neuropsychological findings in bvFTD patients. Significant
increase in connectivity was detected in the left DAN (Table 1,
Figure 2; IC 55). However, we did not detect any changes in
the executive network itself (IC 42), which confirms the previ-
ous finding of normal executive networks in patients with bvFTD
(Filippi et al., 2012). In previous studies the DAN has been found
to be disrupted in AD, but not in bvFTD (Filippi et al., 2012; Li
et al., 2012). Despite the normal executive network, a decline in
executive functions may be explained by changes in the attention
networks and the destruction of several frontal control networks
(IC12, 17, 25).

Increased connectivity was also found in the frontal sub-
network of the DMN (IC 17). In several studies the disruption of
the DMN is consistently associated with AD (Greicius et al., 2004;
Zhang et al., 2009; Gili et al., 2011), but the findings are contro-
versial in patients with bvFTD (Zhou et al., 2010; Whitwell et al.,
2011; Borroni et al., 2012). In bvFTD, increased DMN connectiv-
ity has often been associated with decreased connectivity in the
salience network (Zhou et al., 2010; Whitwell et al., 2011; Borroni
et al., 2012; Farb et al., 2012). However, in the present study,
decreased connectivity was not detected in the salience network
even if increased connectivity in the DMN was found.

In structural analyses, the most prominent gray matter atro-
phy was detected in the right temporal region, precuneus, and
posterior cingulate. Atrophy in the posterior cingulate is typi-
cally associated with AD and decreased connectivity in DMN.
The research reports about gray matter atrophy in posterior brain
areas in patients with bvFTD have been controversial. Broadly,
precuneus and posterior cingulate seem to be preserved in bvFTD,
however gray matter atrophy of these areas has been detected
in some studies (Du et al., 2007; Zhou et al., 2010; Hartikainen
et al., 2012). In present study increased functional connectivity
was consistently located around the atrophic areas. The centrifu-
gal disposition of increased functional connectivity around the
atrophic areas suggests plasticity related shifting of function to
areas still capable of functioning. It is noteworthy that multi-
modal imaging in detecting functional changes in diseases with
abnormal anatomy is demanding. For example, how is the vari-
ance normalization of the BOLD signal affected by shifted and
increased function; is it merely overlap of functional connectivity
or plasticity effects? This question currently remains unanswered.
In this study we were able to correct our results for both multi-
ple comparisons related to the selecting of 36 RSNs and for gray
matter differences known to exist in bvFTD.

We found only increased connectivity in patients with bvFTD
compared to controls. Several factors may have an influence
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Table 1 | Functional brain regions showing increased functional connectivity in patients with bvFTD compared to healthy controls.

Voxel level correction Inter-IC corrected y-concatenation for all RSNs

IC RSN voxels max min max mean Std IC voxels max min max mean Std

X Y Z X Y ZT -score T -score T -score T -score T -score T -score

IC01 Cranial
salience,
superior
frontal gyrus

52 21 42 31 2.63 3.93 3.06 0.33

IC03 Visual cortex
1–4

103 13 10 14 2.51 4.90 3.36 0.59 IC03 2 11 12 15 4.69 4.81 4.75 0.09

IC04 DAN R 158 9 18 28 2.31 5.26 2.86 0.49

IC11 Visual
cortex,
inferior
parietal
lobule

4 17 9 24 3.59 4.44 3.91 0.35

IC12 Bilateral
frontal pole,
middle
frontal gyrus

733 29 35 25 1.93 4.86 2.71 0.57 IC12 268 30 38 31 2.60 4.52 3.16 0.38

IC17 Anterior
paracingu-
late

387 22 44 17 2.07 5.05 2.65 0.48 IC17 7 22 45 17 3.76 4.33 4.05 0.21

IC21 Broca L 1369 34 41 14 1.90 5.28 2.91 0.67

IC25 Insula,
inferior
frontal
gyrus,
middle
temporal
gyrus

1202 11 39 12 1.82 5.53 2.82 0.70 IC25 573 7 18 16 2.49 5.53 3.32 0.61

IC27 Pons,
bilateral
parahip-
pocampus

7 23 12 21 3.73 4.22 3.97 0.21

IC33 Premotor-
presensory

555 11 32 27 1.91 5.46 2.54 0.49 IC33 2 17 33 30 5.01 5.30 5.16 0.21

IC35 Bilateral
primary
motor
cortex

41 30 24 35 2.45 3.82 2.90 0.35

IC41 Frontal pole
R

508 10 42 13 2.03 6.14 3.20 0.84

IC47 Primary
somatosen-
sory
cortex

27 7 29 26 2.86 3.70 3.20 0.21

IC51 Angular
gyrus,
bilateral
supra-
marginal
gyrus

217 6 22 22 2.40 4.89 3.01 0.47

IC55 DAN L 956 35 16 24 1.85 5.13 2.53 0.54 IC55 260 24 11 27 2.54 4.58 3.05 0.42

Significant differences in functional connectivity were detected in fifteen RSNs by voxel level correction. By Inter-IC corrected y-concatenation for all RSNs significant

differences in functional connectivity were detected in six RSNs. Significant differences are demonstrated by; the anatomical areas involved, number of voxels, MNI

coordinates (in mm) of the involved anatomical areas, t-score and its standard deviation. Abbreviations: IC, independent component; R, right; L, left; DAN, dorsal

attention network.
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upon our results. We have used different data analysing meth-
ods compared to the previous rfMRI studies (Zhou et al., 2010;
Whitwell et al., 2011; Borroni et al., 2012; Farb et al., 2012; Filippi
et al., 2012). Higher model order (a.k.a 70) was used, which
yields a more detailed RSN partition and reduces the presence
of noise in the maps (Kiviniemi et al., 2009; Smith et al., 2009;
Abou-Elseoud et al., 2010). Furthermore, global mean regres-
sion may be involved with unpredictable anti-correlations and
this may also be one source of differences between our results
and others’ (Murphy et al., 2009). We also used a group ICA

FIGURE 2 | Independent components (IC) with significant increase in

functional connectivity in patients with bvFTD. The differences in
resting state networks corrected for multiple comparison at voxel level in
green and for y-concatenation correction for including all RSNs in lilac-blue,
threshold p < 0.05. The differences between groups are also adjusted for
gray matter differences. The involved RSN is presented in red-yellow color
encoding with (3.6 < z-score < 6) threshold. Arrows in ICs 3, 17, and 33
indicate the y-concatenated results.

dual regression approach in this study. Matching individual level
ICA maps is more prone to errors when compared to group
map templates (Zuo et al., 2010). We also share this experience
in this dataset. We analysed individual level ICA maps with low
(20) model order, but had considerable difficulty in detecting
a robustly identifiable salience and other high cognitive net-
works from individual ICA runs for each subject, especially when
compared to group templates. This is not a problem of ICA
per se, since it has been known to be robust in detecting fMRI
sources (Kiviniemi et al., 2009; Smith et al., 2009). Actually, it
may be the other way around; ICA is very sensitive to sparsity
(Daubechies et al., 2009). On the individual level, the RSNs have
marked spatiotemporal non-stationarity due to strong momen-
tary neuronal avalanches (Chang and Glover, 2010; Kiviniemi
et al., 2011; Hutchison et al., 2013; Liu and Duyn, 2013; Palva
et al., 2013). The neuronal avalanches arising within RSN nodes
have unique spatial connectivity distributions and match only
with group level RSN templates when strongly averaged in both
time and space (Zuo et al., 2010; Liu and Duyn, 2013). Dual
regression maps may therefore provide a closer matching repre-
sentation of an individual subject’s RSN compared to ICA based
maps.

The advantage of the present method is the whole brain cortex
coverage and higher hierarchical level of sub-networks (Kiviniemi
et al., 2009; Abou-Elseoud et al., 2010; Littow et al., 2010).
Moreover, the high model order enables increased accuracy of
regressors of also the unwanted artifacts such as pulsating blood
vessels, compartmental CSF pulsation/jet and motion artifacts
that cannot be identified with other methods. The regression of
these artifacts is crucial for the correct analysis of group dif-
ferences in any kind of connectivity measurement. ICA dual
regression offers a simultaneous data-driven regression of both
artifacts and RSNs. Importantly, with group ICA, the effects of
curved and often individually different cerebral artery and CSF

Table 2 | Regional atrophy detected by structural MRI.

Voxels max_Y min_Z max_Z Mean-T score sem T -score max T -score Anatomical area

16479 72 −52 60 2.94 0.005 5.55 R middle and inferior temporal gyrus

15849 38 −50 72 2.94 0.006 6.38 L precuneus cortex, cingulate gyrus

422 58 −22 −6 2.62 0.016 3.58 L broca, frontal pole, inferior temporal gyrus

278 28 −30 0 3.40 0.045 5.76 L frontal pole, orbitofrontal, and subcallosal cortex

267 18 4 16 3.72 0.050 5.46 L insula, frontal and central opercular cortex, broca

82 −14 60 68 3.68 0.043 4.72 R premotor and motor cortex, precentral gyrus

52 12 −44 −26 2.34 0.020 2.74 R temporal pole, middle temporal gyrus

47 −8 38 46 2.52 0.039 3.24 L postcentral gyrus

42 28 −20 −16 2.39 0.026 2.85 R orbitofrontal cortex, frontal and temporal pole

28 26 −40 −34 2.55 0.062 3.29 R temporal pole

23 −20 48 56 3.43 0.031 3.75 L premotor and primary motor cortex, precentral gyrus

20 −32 −8 −2 3.43 0.048 3.87 R hippocampus, parahippocampal gyrus

19 −32 2 6 2.49 0.054 2.93 L superior and middle temporal gyrus

13 −80 12 14 2.21 0.010 2.28 L lateral occipital cortex

R, right; L, left.
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FIGURE 3 | Regional atrophy was detected in several frontal and

temporal regions and also in the posterior cingulate cortex, occipital

cortex, and occipital poles. Increased connectivity was constantly placed
around the atrophied area. Atrophic regions are in red, difference in the RSNs
are in yellow (bvFTD > controls) and overlapping areas are in orange color.
Arrows in ICs 3, 17, and 33 indicate the difference in the RSN.

pulsations become separated by the best way within the analysed
group as a whole, also with individual weighting in their time
series. The adequate modeling of blood vessel noise may have an
effect on the salience network results in the insular cortex near
the medial cerebral artery branches. Advanced spiral in/out scan-
ning sequences at the higher 3 T magnetic field are also likely to
be more sensitive than conventional 1.5 T EPI sequences in pro-
viding frontal cortex/insular data at the individual level (Zhou
et al., 2010; Whitwell et al., 2011; Farb et al., 2012; Filippi et al.,
2012).

Despite careful diagnostics, long follow-up and genetic confir-
mation of bvFTD, it is possible that some patients with atypical
AD may be included in the study cohort. The wide range in
disease severity may affect the rfMRI results even though no
difference was seen between the patient groups with different dis-
ease severity. Neuroleptic and cholinergic drugs may also modify
results. However, there are no rfMRI data available concerning the
effects of these drugs.

In conclusion, this is the first analysis of the whole brain
cortex networks using high model order ICA in patients with
bvFTD. Increased connectivity was seen in the left DAN and
frontal control networks neighboring executive network, as well
as the frontal poles and insula. These changes may explain
bvFTD associated cognitive and neuropsychiatric symptoms.
In general, the increase in functional connectivity centrifu-
gally was surrounding the atrophied areas, which suggest plas-
ticity related shifting of neuronal activity into intact brain
structures.
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